A mass-spectrometric stirred-reactor technique was used to study the reaction of atomic oxygen with methane with low concentrations of molecular oxygen. Low concentrations of molecular oxygen were used to suppress the reactions 0
INTRODUCTION
Basic information on the reactions of oxygen atoms (0) is of great interest since this knowledge can provide a better understanding of rocket-engine combustion and upperatmosphere chemistry. Previously, using the mass-spectrometric stirred-reactor technique described in reference 1, the authors first reported (ref. 2) on the reactions of atomic oxygen with molecular hydrogen, ammonia, and methane in the presence of a large excess of molecular oxygen (02). This was followed by a second report (ref. 3) on the 0 + H2 and 0 + NH3 reactions with little or no O2 present. In this second report, detailed kinetic information, such as r a t e constant, activation energy, and reaction mechanism, was presented. The present investigation deals with the 0 + CH4 reaction with very little O2 present. The purpose of reducing the O2 concentration is to suppress the reactions H + O2 + M -H 0 2 + M and 0 + O2 + M -O3 + M. Although the 0 + CH4 reaction has been studied before (refs. 4 to 9), many questions still exist. Most of the earlier works (refs. 4 to 6) reported only estimates of the activation energy. Direct measurements of this rate constant based on O-atom decay have been reported only recently (refs. 2 and 9). There a r e no detailed reaction product analyses for this reaction.
EXPERIMENTAL Apparatus
The apparatus was essentially the s a m e as that described in reference 2. The 300-cubic-centimeter stirred reactor and its connection to the Bendix time-of-flight m a s s spectrometer (Model 14-101) is shown in figure 1 . eter for kinetic measurements was improved considerably when the instrument was modified so that it now can monitor six mass peaks simultaneously instead of only two m a s s peaks. This change was accomplished by replacing the electron-multiplier detector with one containing six channels and adding four more analog output meters.
gas to a discharge produced by a 100-watt microwave generator. condition the dissociation of O2 was about 60 percent. such as O2 ('A ), are present with the 0 atoms, it has been demonstrated by Cadle and Allen (ref. 9) that these excited species do not affect the 0 + CH4 reaction.
The capability of the m a s s spectromOxygen atoms were generated by subjecting a mixture of 1.44 percent O2 in argon Although some excited species, For our experimental g
Gases
Methane was commercially available as a tanked gas with a stated 99-percent minimum purity and was used without further purification. pressure-drop technique described in reference 2.
The mixture of 1.44 percent O2 in argon gas was also a commercially available premixed tanked gas. Before using it without further purification it was checked m a s s specThis gas was metered using the trometrometrically and found to contain only trace impurities. This gas mixture was metered by a small rotameter.
Nitrogen dioxide (NO2) gas used for the 0 titration was prepared by adding an excess of O2 to freshly purified nitric oxide (NO) and used the same day.
Other gases, such as carbon dioxide, carbon monoxide, molecular oxygen, and molecular hydrogen, used to make up calibration gas mixtures for the mass spectrometer with regard to the various reaction products were also tanked gases with a stated purity of at least 99. 5 percent. They were also used without further purification.
Oxygen Atom Monitoring
Oxygen atoms w e r e iiioiiittored at 8 mass-t~-charge ratio m/e of 8 with an electron energy of 85 volts because of the interference at m/e = 16 by methane (CHq) (see ref.
3).
The m a s s spectrometer was calibrated for 0 by the usual NO2 gas titration method.
Calculation of Rate Constant
For a simple bimolecular reaction of 0 with a gas B in a stirred reactor the disappearance of 0 (-A[O]) due to addition of gas B can be expressed as where A t is the residence time of the gas mixture in concentration of '0 after reaction with gas B, k is the the stirred reactor, [Olf is the specific r a t e constant, and [BIf is the concentration of reactant gas B after reaction with 0.
Recombination of 0 due to the following reactions
where M is a third body, is negligible since the 0 and O2 concentrations investigation a r e relatively small.
Precision and Accuracy
Just as in references 2 and 3, the precision of the data was improved in the present by limiting the amount of added methane gas to about 1 5 percent of the total gas flow. This procedure resulted again in a precision of about *20 percent, an accuracy of about *50 percent for the rate constant, and an accuracy of about rt20 percent (-2 kcal) for the activation energy.
The precision of the mass-spectrometer analyses for reaction products was again poor as pointed out in reference 3. E r r o r s due to instrument instability were minimized by measuring all the reaction products simultaneously with the 0-atom concentration [O] and expressing these measurements as ratios of [O]. Mass-spectrometer sensitivity to each reaction product was obtained immediately after a run by adding a known amount of the reaction product to the gas flow. The precision for measurements of reaction products as ratios of [0] was again about *25 percent.
RESULTS

Oxygen Atom Disappearance Due t o Addition of Methane
The disappearance of 0 atoms in the s t i r r e d reactor due to the addition of increasing In figure 2, 0-atom disappearance is examounts of CHq in the presence of low concentrations of O2 for four different temperatures is shown in figure 2 and given in 
Calculation of Overall Rate Constant for Oxygen Atom Disappearance
The overall rate constant for 0-atom disappearance ko due to added CH4 with low O2 concentrations was calculated using equation (1) . These results a r e given in table I and shown in figure 3 as an Arrhenius plot of log ko against T -1 oK-l
Effect of Molecular Oxygen o n Rate of Oxygen Atom Disappearance
The effect of O2 on the r a t e of 0-atom disappearance can be shown by comparing ko values obtained previously (ref.
2) in the presence of high O2 concentrations with those obtained in the presence of low O2 concentrations in the present report. Figure 4 shows a plot of this combined data and demonstrates that an increased r a t e of 0-atom disappearance due to O2 appears only at the lower temperatures. In addition, in figure 4 the authors' combined data was also compared with the recent 0 + CH4 data of reference 9 in which an increase in the rate of 0-atom disappearance due to O2 was also found. The agreement is very good if one considers the fact that the data of Cadle and Allen was obtained by using a n en- ance but does not affect the r a t e of methane disappearance. This same reaction sequence was used previously in reference 3 to explain the increased r a t e of 0-atom disappearance for the 0 + H2 reaction in the presence of a high O2 concentration.
The major reaction products for the 0 + CH4 reaction with low O2 concentrations were carbon monoxide, molecular oxygen, water, and molecular hydrogen. Minor products were carbon dioxide and hydrogen atoms. This finding agreed with the earlier work of Steacie and P a r l e e (ref. 6) in which no formic acid, formaldehyde, or any other intermediate oxidation product was observed in the 0 t CH4 reaction in a tube reactor. possibility that part of the m/e = 32 peak may be due to methanol CH3-OH was eliminated by substituting CD4 for CH4 and observing that the m/e = 32 peak did not shift and that the m/e = 36 peak did not increase during the reaction of 0 + CD4. 
The
Reaction Stoichiometry
With the preceding information the reaction stoichiometry can now be obtained as shown in reference 3. By assigning arbitrary values of x and y to the moles of molecular hydrogen and molecular oxygen produced in this reaction, by knowing that the only carbon containing products were carbon monoxide and carbon dioxide in the ratio of 10 moles of carbon monoxide to 1 mole of carbon dioxide and by estimating that molecular and atomic hydrogen were also in the s a m e ratio, the 0 + CH4 reaction can be written as The average of 4.7 for the three measurements agreed well with our calculated r eaction stoichiometry value of 4. 1. It is interesting to note that in our previous work (ref.
2) the reaction stoichiometry for this reaction in the presence of a high concentration of O2 w a s reported to be about 8.
DISCUS SlON
Proposed Reaction Mechanism
On the basis of the reaction product analyses, a possible reaction mechanism for the 0 + CH4 reaction when the O2 concentration is low enough to neglect the reactions 0 + O2 + M -O3 + M and H + O2 + M -H02 + M could consist of the following reactions: Reaction (4) is the initial propagation step involving a hydrogen atom abstraction process to produce methyl (CH3) and hydroxyl (OH) radicals. Reactions (5) and (6) a r e expected to be very fast successive reactions of CH3 and CH2 with 0. Reaction (7) is known to be fast (ref. 10) and is used to account for 02. Reactions (8) and (10) are selected because of the presence of excess CH4 to account for molecular hydrogen and water reaction products. Reaction (9) is used to account for carbon dioxide since the 0 -F CO reaction is so slow.
Calculation of Rate Constant for CH4 + 0 +CH3 + OH Reaction
If the reaction mechanism involving reactions (4) to (10) is used, the same technique that was used in reference 3 can be used to obtain a value for k4, the rate constant for the initial elementary step CH4 + 0 -. CH3 + OH. Assuming a steady state for CH2, one can show that
1-
A[O] -Z(A[CO] + A[C02]) -A[02]
where the differentials have been replaced by finite differences appropriate to the stirred reactor. 
CONCLUSIONS
A mass-spectrometric technique was used to study the reaction CH4 + 0 in the presence of low molecular oxygen concentrations for the temperature range 375' to 576' K. This investigation resulted in the following conclusions:
1. Rate constants for total oxygen atom disappearance in the 0 + CH4 reaction were measured and found to be in good agreement with those obtained by other investigators.
2.
The presence of high molecular oxygen concentrations resulted in an increase in the rate of oxygen atom disappearance. This increase was attributed to the reaction of ground-state molecular oxygen with hydrogen atoms in the reaction sequence 
4.
A reaction mechanism was proposed for the methane-atomic oxygen reaction based on the reaction product analyses. 
